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Summary
This study presents the X-ray structure of the N-
terminal binding domain of the D. radiodurans trigger
factor (TF) in complex with the D. radiodurans large ri-
bosomal subunit. At 3.35 A˚, a complete description of
the interactions with ribosomal proteins L23, L29, and
23S rRNA are disclosed, many of which differ from
those found previously for a heterologous bacterial-
archaeal TF-ribosome complex. The b hairpin loop of
eubacterial L24, which is shorter in archaeal ribo-
somes, contacts the TF and severely diminishes the
molecular cradle proposed to exist between the TF
and ribosome. Bound to the ribosome, TF exposes
a hydrophobic crevice large enough to accommodate
the nascent polypeptide chain. Superimposition of
the full-length TF and the signal-recognition particle
(SRP) onto the complex shows that simultaneous co-
habitation is possible, in agreement with biochemical
data, and suggests a model for the interplay of TF,
SRP, and the nascent chain during translation.
Introduction
Synthesis of proteins in all organisms from all kingdoms
occurs on ribosomes (reviewed by Wilson and Nierhaus,
2003). The large subunit of the ribosome plays an im-
portant role in the positioning of the aminoacyl- and
peptidyl-tRNA substrates so that peptide bond forma-
tion can occur (Nierhaus et al., 1980; Sievers et al.,
2004). As the polypeptide chain is elongated, it is chan-
neled through a tunnel in the large subunit, eventually
exiting into the cytoplasm where it is met by a host of
chaperone systems. The role of these chaperone sys-
tems is to prevent the misfolding and aggregation of
nascent polypeptide chains as they enter the crowded
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4These authors contributed equally to this work.cytoplasm of the cell and therefore to assist the nascent
chains along the folding pathway to their functionally ac-
tive state (Deuerling and Bukau, 2004; Frydman, 2001;
Young et al., 2004).
The chaperone systems of bacteria differ in many re-
spects from those found in archaea and eukaryotes.
For example, the trigger factor (TF) chaperone present
in bacteria is not found in the archaeal or eukaryotic cy-
toplasm. In contrast, archaea and eukaryotes have
an unrelated nascent polypeptide-associated complex
(NAC) that also interacts with the growing nascent chain
and may perform a role analogous to the TF (see Spreter
et al. [2005] and references therein). In bacteria, TF is the
first chaperone to interact with the nascent chain, and
the majority (65%–80%) of translated proteins exclu-
sively utilize the TF pathway to attain their folded state,
rather than being passed through the downstream
DnaJ-DnaK (Hsp40/60) and Chaperonin pathways (Hartl
and Hayer-Hartl, 2002).
TF is thought to act cotranslationally since it has been
shown to bind to the ribosome (Lill et al., 1988) and inter-
act with the growing nascent polypeptide chains (Hes-
terkamp et al., 1996; Scholz et al., 1997; Valent et al.,
1995). The N-terminal domain of the TF, which is suffi-
cient for ribosome binding (Hesterkamp et al., 1997),
has been crystallized (Figure 1A) (Kristensen and Gaj-
hede, 2003). Bukau and coworkers have identified highly
conserved residues within a ‘‘TF-signature motif,’’ lo-
cated within the loop region between helices a1 and
a2 of the TF binding domain (Figures 1A and 1B), which
when mutated to alanines (FRK/AAA) severely reduce
the binding of TF to the ribosome (Kramer et al., 2002).
The structure of a full-length E. coli TF (Ferbitz et al.,
2004), as well as C-terminally truncated TF from Vibrio
cholerae (Ludlam et al., 2004), reveal the three-domain
modular structure predicted previously (Zarnt et al.,
1997), but with an inverted arrangement of the central
PPIase and C-terminal domains in the structure with re-
spect to the primary sequence. TF may exist as a dimer
when not bound to the ribosome (Kramer et al., 2004;
Patzelt et al., 2002).
The TF has been shown by neutron scattering to bind
to ribosomes in the vicinity of the tunnel exit (Blaha et al.,
2003), consistent with crosslinks from TF to ribosomal
proteins L23 and L29 (Kramer et al., 2002). The univer-
sally conserved Glu13 of E. coli L23 was demonstrated
to be critical for TF binding, whereas ribosomes lacking
L29 were still bound by TF (Kramer et al., 2002). Re-
cently, crystals of the large subunit of the archaea Halo-
arcula marismortui were soaked with the ribosome
binding domain of TF (TF-BD) from E. coli, and the struc-
ture was determined at 3.5 A˚ (Ferbitz et al., 2004). In this
heterologous complex, a total of 35 of the 144 amino
acids of the TF-BD were visualized, whereas the rest
of the TF-BD could not be assigned. Interaction of the
TF signature motif, in particular Arg44, with the univer-
sally conserved Glu13 of H. marismortui L23 was in
good agreement with available mutational data. Using
the 35 amino acid loop as a reference, the full-length
E. coli TF structure was positioned onto the archaeal
Structure
1686Figure 1. The Binding Position of TF-BD on
the 50S Subunit
(A) Crystal structure of theE. coli trigger factor
binding domain (TF-BD) illustrating the sec-
ondary structures with distinct colors (PDB
code 1P9Y, Kristensen and Gajhede, 2003).
The kink region and side chains for the sites
of mutations FRK/AAA (cyan) and D42C (yel-
low) in E. coli (Kramer et al., 2002) are indi-
cated. The inset shows the full-length E. coli
TF (white), with the TF-BD highlighted in red
(from PDB code 1W26; Ferbitz et al., 2004).
(B) Sequence alignment ofD. radiodurans TF-
BD (Dra) compared with the respective re-
gions from E. coli (Eco), Vibrio cholerae
(Vch), and T. thermophilus (Tth) trigger factor
binding domains (Swiss-Prot accession num-
bers Q9RT21, P0A850, P16174, and Q9KQS5,
respectively). The secondary structure is indi-
cated in the same colors as in (A). Identical
and conservative substitutions are shaded
dark and light purple, respectively. The ‘‘TF
signature’’ motif in the loop between a1 and
a2 is boxed, and dashes indicate gaps in the
protein sequence alignment. The hydropho-
bic triplet residues located in the crevice are
boxed in b2 and b4.
(C) The orientation of TF-BD (red) on theD. ra-
diodurans 50S subunit. Ribosomal rRNA and
proteins are colored pale blue and aqua, re-
spectively, except for ribosomal proteins
L22, (cyan), L23 (green), L24 (yellow), and
L29 (orange). The ribosomal tunnel is indi-
cated with an arrow. Two orientations of the
50S subunit are shown, with the L1 and L7/
L12 landmarks indicated for reference.ribosome. The docking revealed a molecular cradle over
the tunnel exit and below the arms and tail of the TF,
within which the nascent chain was proposed to fold
(Ferbitz et al., 2004). Biochemical analysis (Buskiewicz
et al., 2004; Raine et al., 2004) has suggested that the
TF can cooccupy the ribosome with the signal recogni-
tion particle (SRP); however, this seems to be incompat-
ible with the position of the full-length TF (Ferbitz et al.,
2004) and the cryo-EM study (Halic et al., 2004) of the
SRP bound to a translating ribosome (see Maier et al.,
2005). This discrepancy, coupled with the absence of
TF in archaea, indicates that investigations into the bind-
ing of TF to bacterial ribosomes of the same species
would be of interest.
Here, we present the crystal structure of a homolo-
gous complex consisting of the D. radiodurans TF-BD
bound to the D. radiodurans large ribosomal subunit.
At 3.35 A˚ resolution, a complete description of the inter-
actions of the TF-BD with the ribosome can be assigned.
Most significantly, contact between the TF-BD with a
long bacterial-specific extension of ribosomal protein
L24 is observed. The extension of L24 encroaches sig-
nificantly on the molecular cradle of the TF, such that
folding of small proteins or domains—as suggested to
occur in the space below the arms and tail of the TF—
would be severely restricted. Instead, we believe that
the nascent chain passes through a hydrophobic crev-
ice that becomes exposed in the TF-BD upon ribosome
binding and guides the nascent chain toward the body
and the head of the TF molecule. The visualization of
100 of the 112 amino acids of the D. radiodurans TF-BD enables the accurate docking of the full-length TF
on the ribosome. In this position, simultaneous cohabi-
tation with SRP would be possible, consistent with bio-
chemical data. Interestingly, the methionine-rich (M) do-
main of SRP, which is known to recognize and bind the
signal sequence within the nascent chain (reviewed by
Doudna and Batey, 2004), covers the hydrophobic crev-
ice in the TF-BD, suggesting a model for how the TF
could present the signal sequence of nascent chains
destined for export to the SRP particle. In the absence
of a signal sequence, translation will channel the nascent
chain into the body of the TF. Collectively, the data pre-
sented provide a detailed insight into the binding mode
of the TF on the ribosome, and they allow the interplay
on the ribosome between TF and SRP during chaperon-
ing of nascent polypeptide chains to be envisaged.
Results and Discussion
The Conformation and Binding Position of the
Ribosome Bound D. radiodurans Trigger
Factor N-Terminal Domain
Crystals of the D. radiodurans large 50S ribosomal
subunit (D50S) in complex with the D. radiodurans N-
terminal TF-BD diffracted to 3.35 A˚ (see Table S1 for
data collection and refinement statistics; see the Sup-
plemental Data available with this article online). The un-
biased electron density map based on the native D50S
structure (Harms et al., 2001) shows clear density for al-
most the entire TF-BD, which enabled unambiguous as-
signment of 100 of the 112 amino acids, specifically
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BD. Residues 1–9 of the TF-BD appeared to be unstruc-
tured, and the three C-terminal amino acids that consti-
tute part of the flexible linker region between the tail and
body of the TF were disordered; thus, these regions
were not included in the final model.
The D. radiodurans TF-BD is located on the cytoplas-
mic side of the 50S subunit, in close proximity to the tun-
nel exit site, through which the growing nascent chain
emerges during translation (Figure 1C). The large sub-
unit contains a number of ribosomal proteins (r proteins)
that encircle the tunnel exit site, which in D. radiodurans
encompasses r proteins L22, L23, L24, and L29. The TF-
BD is positioned such that the flexible loop region lo-
cated between helices a1 and a2 contacts predomi-
nantly rRNA and r protein L23, although residues within
the kinked helix side of the loop also contact r protein
L29. Helix a2 of the TF-BD is orientated such that con-
tact with the long extended loop of L24 is established.
In this way, the a-helical side of the TF-BD hovers over
the tunnel exit site, whereas the exposed b sheets face
into the cytoplasm (Figure 1C).
The overall structure of the D. radiodurans TF-BD is
similar to those determined for the E. coli binding do-
main alone (Kristensen and Gajhede, 2003), or as part
of the full-length TF from E. coli (Ferbitz et al., 2004) or
V. cholerae (Ludlam et al., 2004), with two main excep-
tions. First, the orientation of helix a2 deviates from
that seen in the other TF structures, the C-terminal end
being shifted by 40º away from the b sheets (Figure
2A) toward L24. The shift in helix a2 may result from
binding of the TF to the ribosome since the orientation
of a2 is dictated by contact with L24 as well as influ-
enced by conformational changes observed in the
loop region (described in more detail later).
The second difference in the TF-BD occurs within the
loop connecting helices a1 and a2. This loop contains
the ‘‘TF signature’’ motif (consensus: GFRxGxxP), which
is 42GFRpGkaP49 in D. radiodurans (and T. thermophi-
lus; see Figure 1B). Aligning all of the known TF crystal
structures reveals that this loop region is highly flexible,
even when comparing different molecules within the
asymmetric unit of the same crystal (Ferbitz et al.,
2004; Kristensen and Gajhede, 2003; Ludlam et al.,
2004) (Figure S1A). Interestingly the orientation and con-
formation of the loop in theD. radiodurans TF-BD bound
structure is unlike those observed in any previously de-
termined unbound TF structure (Figure 2A). First, the in-
ternal space of the loop is larger because of the reorien-
tation of helixa2 as well as the fact that the kink in helixa2
has adopted a more open conformation than that seen in
the unbound TF structures (Figure 2A and Figure S1B).
This can be illustrated by measuring the distance be-
tween the Ca of Gly60 (Gly59Ec) that initiates the kink
and the Caof Trp31 (Leu32Ec), the closest position in he-
lix a1. In the nine known unbound TF-BD structures, this
distance averages 7.4 A˚, and it ranges from 6.6 to 9.3 A˚. In
the D50S boundD. radioduransTF-BD structure, the dis-
tance between these two atoms is 12.6 A˚, and the loop is
further elongated by the presence of an additional resi-
due, Lys59, which directly follows the kink residue
Gly58. We believe that the more open conformation re-
sults, at least partially, from ribosome binding, since in
the H50S bound E. coli TF-BD, the distance betweenthese residues is also larger (10.2 A˚). With respect to
the discrepancy of 2.6 A˚ between the bound loop confor-
mations, we note that the unbound D. radiodurans TF-
BD is likely to have a more open conformation than the
E. coli TF structures because of the bulkier Trp31 that re-
places Leu32 in E. coli. Furthermore, while D. radiodur-
ans is the only species with Trp at this position, many
species have Phe or Tyr, which we would also predict
to induce a more open loop conformation upon binding.
In the TF-BD-D50S complex, the loop is flattened and
folded back toward the kinked region of a2, producing
a slightly hooked conformation. This is best illustrated
by comparing the loop conformations of the full-length
E. coli TF with the D. radiodurans TF-BD (Figure 2A),
Figure 2. Conformational Flexibility within the Loop Region of the
Trigger Factor
(A) Superposition of the a1-loop-a2 region of the bound form of D.
radiodurans TF-BD (red), with the TF-BD of each of the three mol-
ecules (a, b, and c in different shades of green) found in the asym-
metric unit of the unbound form of the E. coli TF-BD (PDB code
1OMS; Kristensen and Gajhede, 2003). Two orientations are shown
that are related by rotation as indicated, and the kink in helix a2 is
indicated by ‘‘K.’’ Helix a2 of the D. radiodurans TF is shifted by
w40º when compared to the E. coli TF-BDs.
(B) Alignment of the 35 amino acids (Glu25-Gly59) of the E. coli TF-
BD (Ec TF) bound to the H. marismortui 50S subunit (blue, PDB
code 1W26, Ferbitz et al., 2004) with the D. radiodurans 50S subunit
bound TF-BD (red, Dr TF). The side chains for the universally con-
served arginine (Arg44 in Dr TF and Arg45 in Ec TF) and phenylala-
nine (Phe43 in Dr TF and Phe44 in Ec TF) are shown in their respec-
tive colors. A possible movement of the Phe side chain into the loop
region, upon binding of TF to bacterial ribosomes, is indicated by an
arrow. The inset shows two different views of the relative orienta-
tions of the Arg and Phe residues seen in the main figure.
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1688Figure 3. Interaction of Trigger Factor with
Ribosomal Proteins L23, L24, and L29
(A) Overview of the TF-BD (red) on the ribo-
some illustrating the regions of interaction
with the ribosomal proteins L23 (green), L24
(yellow), and L29 (orange).
(B) Schematic representation of the interac-
tion between Arg44 of TF-BD with phosphate
oxygen (O1P) of A1405 (Ec1392) 23S rRNA,
and side chain oxygen OE1 of Glu14 of L23,
which contacts the side chain nitrogen (NE)
of Arg44. The circular arrangement of interac-
tions is closed by a possible H bond between
hydroxyls of the N6 of A1405 and the side
chain oxygen OE2 of Glu14 of L23.
(C) Interaction of Arg39 of TF-BD with the hy-
droxyl 20 OH of the ribose of G1331 of the 23S
rRNA.
(D) Residues located within the kink region of
the TF-BD (red) contact ribosomal protein
L29 (orange). The side chain nitrogens of
Arg56 and Lys59 are within hydrogen bond-
ing distance to the backbone oxygen of
Ala33 and Gln36, respectively. Potential side
chain hydrogen bonding between the amide
oxygen OD1 of Asn55 of TF and the side chain
nitrogen NE2 of Gln36 is possible. Note that
Gly residues are located on either side of
Lys59, which are important for inducing the
observed kink in helix a2.
(E) Interaction of TF-BD with L24 showing
possible hydrogen bonds from the tip of the
L24 loop and a2 of TF-BD.
The 2Fo 2 Fc electron density for (C)–(E) was
calculated as described by Diaconu et al.
(2005).whereas the loop conformations of the full-length
V. cholerae and E. coli TF-BD structures are of an inter-
mediate nature (see also Figure S1B). Although the 35
amino acid loop visualized in the complex of the E. coli
TF-BD bound to the H. marismortui ribosome (Ferbitz
et al., 2004) also exhibits a different conformation from
the loop region of other TF structures, the relative orien-
tation of this loop with respect to the rest of the factor is
difficult to gauge since only part of helix a1, and nothing
of helix a2 or b sheet regions, was visualized (Figure 2B).
Despite this, a tentative alignment of the H50S bound
E. coli loop region to the D50S bound TF-BD was possi-
ble, which placed the side chains of the universally con-
served arginines (Arg44/43 in Dr/Ec) in a very similar
position (see Figure 2B). The high sequence homology
between TFs suggests that the conformation of the loop
region of the unbound D. radiodurans TF would be sim-
ilar to those determined for free TF structures; thus, the
hooked conformation may in fact be a common struc-
tural feature induced in TFs upon ribosome binding.
The Importance of the Conserved Residues
of the Trigger Factor Signature Motif for
Interaction with the Ribosome
Multiple residues within the loop region of the TF-BD,
spanning from Arg39 to Lys59, interact with the nucleo-
tides of the 23S rRNA as well as with r proteins L23 and
L29 of the ribosome (Figure 3A). The most important of
these interactions is likely to involve the TF signature
motif, encompassing residues Gly42–Pro49, which es-
tablish contact with H53 of the 23S rRNA and residues
of helix a1 of L23. The most important contacts are es-tablished by the universally conserved Arg44 with the
rRNA; the side chain nitrogens, NH1 and NH2, of Arg44
are directed toward the phosphate oxygen (O1P) of
A1405 (Ec1392), and the NE is within 3.3 A˚ of the carbox-
ylate oxygen (OE1) of Glu14 of L23 (Figure 3B). This
arrangement is reminiscent of that observed in the
heterologous TF-H50S complex, in which Glu13 of
H. marismortui L23 was proposed to position the equiv-
alent Arg45 side chain of the E. coli TF-BD to enable hy-
drogen bonding with the phosphate oxygens of A1501
(Ec1392) of the H. marismortui 23S rRNA (Ferbitz et al.,
2004). In the D50S-TF-BD structure presented here, ad-
ditional hydrogen bonds are possible between the N6 of
A1405 and the OE2 of Glu14, which can be thought of as
completing the triangle between these three elements
(see Figure 3B).
Interestingly, an equivalent hydrogen bond between
the N6 of A1501 and the OE2 of Glu13 is observed in
the native H. marismortui 50S structure (PDB code
1S72; Klein et al., 2004); however, upon TF binding, the
OE2 of Glu13 has moved by 6 A˚ to a position lying out
of range for hydrogen bonding (Ferbitz et al., 2004). In
contrast, no significant shift in the position of Glu14 is
evident when comparing the native D50S (Harms et al.,
2001) with the TF-BD bound structure, probably be-
cause the conformational change is not necessary to es-
tablish simultaneous contact between Arg44, Glu14 of
L23, and the rRNA. We also see no evidence for any
long-range conformational changes in L23 induced by
binding of TF to the ribosome, as mentioned by Yonath
and coworkers (Baram and Yonath, 2005; Bashan and
Yonath, 2005). In fact, there is no significant large-scale
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nents of the ribosome upon TF binding, in contrast to
the observed conformational changes within the TF it-
self. The significance that the circular hydrogen bond ar-
rangement has for TF binding is emphasized by (1) the
universal conservation of D. radiodurans Glu14 (Glu18
inE. coli ) in other bacterial L23 proteins, (2) the presence
of an equivalent to Arg44 in all known TFs, and (3) the ob-
servation that mutation of Glu18 to Ala (or Gln) in E. coli
L23 has been shown to severely reduce binding of E. coli
TF to E. coli ribosomes (Kramer et al., 2002).
Nevertheless, there are four other positions that
are highly conserved within the TF binding motif
(42GFRpGkaP49), leading to the question of their impor-
tance for TF function. Since two of these are glycine res-
idues (Gly42 and Gly46) that do not contact any compo-
nent of the ribosome, it seems likely that they are
essential for the conformational flexibility of the loop,
enabling correct positioning of other loop residues,
such as Arg44, to interact with the ribosomal compo-
nents. In this respect, the Pro49 may also play a role in
modulating the loop conformation; however, we note
that Pro49 also stacks to some extent against the aro-
matic ring of Tyr17 of L23, suggesting a direct role in
binding interactions. Of particular interest is the univer-
sally conserved Phe43: in all unbound TF structures, the
equivalent Phe side chain is solvent-exposed, whereas
in the D50S bound structure, Phe43 is buried within a hy-
drophobic pocket created by surrounding loop residues
(Figure S1C, and see Figure 4C), such as Val38, Val40,
and Ile53 (which in turn network with Val30, Leu34,
Val56, Val57, and Val62). This may suggest that upon
TF binding, Phe43 flips internally into the center of the
loop to stabilize the observed ribosome bound loop
conformation (as illustrated in Figure 2B). In the heterol-
ogous TF-ribosome complex, the equivalent Phe44 is
not buried (Figure 2B) and, together with Pro50 and
Ile53, surrounds Met16 of H. marismortui L23 (Ferbitz
et al., 2004). This may not, however, be representative
of what actually occurs on E. coli ribosomes, since in
E. coli the corresponding Met16 position in L23 would
be replaced with the polar side chain of serine (Ser21),
which would destabilize this exposed conformation.
The only documented mutation within the TF signa-
ture motif is a triple mutation of 44FRK46 to AAA in
E. coli, which has been shown to dramatically reduce
the ribosome binding ability of the TF protein (Kramer
et al., 2002). The equivalent substitution in D. radiodur-
ans (43FRP45 to AAA) of Arg44 to Ala would disrupt
the triad arrangement with Glu14 of L23 and A1405
(1392Ec) of the 23S rRNA. Furthermore, we believe re-
placing Phe with Ala would also be just as detrimental
since it would remove the ability to form the internal hy-
drophobic interactions necessary to stabilize the loop
conformation during ribosome binding. In light of the
structural interactions described here, it would now be
interesting to undertake a more site-directed mutagene-
sis study of the residues within the loop region.
Species-Specific Variation in Trigger
Factor-Ribosome Interactions
In the TF signature motif GFRx1Gx2x3P, the x1 position is
predominantly Pro or Lys (>85%). In D. radiodurans, the
x1 position is Pro45, which in the D50S-TF-BD structuremakes stacking interactions with the ribose of G1330
(1317Ec) of helix 50 of the 23S rRNA. It is easy to envis-
age that replacing Pro with Lys, as in E. coli TF, would
substitute the stacking with hydrogen bond interaction
to the rRNA backbone, while other species have Ala at
this position, which could conceivably pack against
the ribose of G1330 (1317Ec). The x2 position is predom-
inantly Lys (w85%), as in D. radiodurans and E. coli. Un-
fortunately, there is poor density for the Lys47 position
in the D50S-TF-BD structure; however, it is possible
that the side chain nitrogen (NZ) comes within hydrogen
binding distance of the OE2 of Glu14 of L23, although
the geometry makes a significant contribution of this
residue to the interactions rather unlikely. Replacement
of Lys with His, as present in the remaining 15% of spe-
cies, would not change this situation significantly. The fi-
nal x3 position is not well conserved; but, in almost all
cases, the residue is hydrophobic. In w60% of organ-
isms, this position is Val (E. coli, for example), whereas
w20%, including D. radiodurans, have Ala. In the
D50S-TF-BD structure, Ala48 faces into the loop and
makes possible hydrophobic interactions with Phe43;
therefore, replacing Ala for Val may even further stabilize
the putatively ‘‘flipped-in’’ Phe side chain.
Two regions immediately adjacent to the trigger factor
signature motif also contact the ribosome: Arg39 and
the backbone of Pro41, which is located N-terminally
to the conserved GFR, interact with the backbone of nu-
cleotides located in helix 50 of the 23S rRNA. For exam-
ple, both the NH1 and NH2 of Arg39 are within hydrogen
bonding distance of the ribose hydroxyl (20 OH) of G1331
(1318Ec) (Figure 3C). This interaction would be main-
tained in most species since generally conservative sub-
stitutions are observed at this position, i.e., Lys, Asn, or
Gln. In contrast, the positions located on the other side
of the signature motif, such as residues Arg50 and
Lys51, which extend toward the C-terminal tail of L23,
are poorly conserved. Nevertheless, the contacts from
the NH2 of Arg50 and the NZ of Lys51 are predominantly
to the backbone oxygens of Ala92-Gln94, except for the
NE of Arg50 that approaches the OH of the N-terminally
located Tyr17 of L23 (see Figure S2).
In addition to L23, two other ribosomal proteins con-
tact the TF-BD, namely, L24 (discussed later) and L29
(Figures 3A, 3D, and 3E). Interaction between L29 and
the TF-BD encompasses residues located in the kink
of helix a2 of the TF-BD, which come into close proxim-
ity of the loop region located between helices a1 and a2
of L29. The majority of the interactions from the TF are
with the backbone of this loop. These interactions are
not unexpected since the sequence of this region
(32Ala-Ala-Ala-Gly-Gln36) provides limited possibilities
for side chain interactions. Accordingly, the predomi-
nant contacts are from the positively charged side
chains of Arg56 and Lys59 of the TF to the backbone
oxygens of L29 positions Ala33 and Gln36 (Figure 3D).
The one exception is that the amide oxygen OD1 of
Asn55 of TF-BD comes within 2.6 A˚ of the NE2 of
Gln36 of L29, thus representing a sequence-specific
side chain-side chain hydrogen bond (Figure 3D). Com-
parison of the solution structure of Thermatoga mari-
tima L29 (Peti et al., 2004) and ribosome bound L29
structures (Ban et al., 2000; Harms et al., 2001; Yusupov
et al., 2001) reveals the large conformational variability
Structure
1690Figure 4. Structural Model of Full-Length TF and SRP Binding at the Tunnel Exit Site of the Ribosome
(A) The extension of L24 encroaches on the molecular cradle of the TF. Model of the full-length TF (dark red, with binding domain in red) on the
50S subunit, with L23 (green), L29 (orange), and the globular domain of L24 (yellow) and the extension of L24 (gold) as shown.
(B) The path of the nascent chain. Model of the nascent polypeptide chain (dark blue) exiting the tunnel (orange arrow), passing the tip of ex-
tension of L24, and entering into the hydrophobic crevice in the binding domain of the TF.
(C) The hydrophobic crevice in the trigger factor binding domain. Surface representations revealing the hydrophobic cavity present in the TF-
BD, with an a-helical nascent chain modeled into it. Left, the hydrophobic regions indicated on the opaque surface in gray; the polar regions
are green/orange. Middle, same orientation, but with transparent surface with the two sets of hydrophobic triplet residues and the universally
conserved Phe43 flipped into the hydrophobic loop region, as indicated. Right, similar representation of the TF-BD as the middle, but for an
unbound TF-BD (E. coli ).
(D) Overview of the D. radiodurans 50S subunit revealing the simultaneous occupation of the TF-BD (red) and SRP (Ffh in brown, RNA in gray).
The N, G, and M domains of SRP54 (Ffh) are indicated, as is an a-helical nascent chain (blue) located in the hydrophobic cleft of the TF-BD. The
L1 and L7/L12 landmarks are labeled for orientation. Ribosomal proteins L22, L23, L24, and L29 are colored cyan, green, yellow, and orange,
respectively.
(E) Close-up of (D) showing the close proximity between the M domain of SRP54 (Ffh) and the a-helical nascent chain (blue) present in the
hydrophobic crevice of the TF-BD (red). Colors are as in (D).
(F) Alternative orientation of (E) showing a possible path for the nascent chain (blue) through the hydrophobic crevice in the TF-BD (red) into the
body and head region (dark red) of the docked full-length E. coli TF. The relative orientation of the SRP is shown, with the N domain facing L29
and the M domain approaching the nascent chain in the hydrophobic crevice of the TF-BD.with loop region, perhaps illustrating the scope for the
species specificity of this interaction.
The orientation of the Arg56 and Lys59 side chains to-
ward L29 is governed by the kink in the a2 helix (Figure3D). As recognized by Kristensen and coworkers (Kris-
tensen and Gajhede, 2003), the Gly58 (Gly59Ec) is highly
conserved (and is often replaced by Ala when Gly is ab-
sent) and plays an important role in inducing the kink in
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tures. In D. radiodurans, Gly58 is followed closely by
Gly60, which together with Gly58 induces a slightly
sharper kink than observed in E. coli or Vibrio cholerae
TF-BDs (Ferbitz et al., 2004; Kristensen and Gajhede,
2003; Ludlam et al., 2004). Alignment of all known TF se-
quences reveals that, with respect to E. coli and other
enterobacteria, many species, such as D. radiodurans
and Thermus thermophilus, have an additional residue
within the kink region (Figure 1C). In the case ofD. radio-
durans, this is Lys59, which may provide additional in-
teractions with L29 (see Figure 3D) not available to other
species such as E. coli. In any event, the interaction with
L29 is not likely to be essential under optimal conditions,
in agreement with the observation that E. coli TF can
bind to E. coli ribosomes lacking L29 and that E. coli
cells deficient for L29 are viable (Kramer et al., 2002).
Interaction with the Ribosomal Protein L24
and the Opening of a Cleft in the TF-BD Aligned
with the Ribosomal Exit Tunnel
Although the globular domain of r protein L24 is located
far from the tunnel exit site, a long b hairpin extension
reaches w30 A˚ from the globular domain toward the
TF-BD (Figure 3A and Figure S3). In the native D50S
structure, the tip of the extension is poorly resolved,
suggesting some inherent flexibility, which is not sur-
prising since residues 59–66 do not come within 5 A˚
of any other ribosomal components. However, in the
TF-BD bound structure, the density is significantly im-
proved, enabling the interactions between these two
components to be modeled. Side chains at the tip of
the hairpin of L24 approach withinw3 A˚ of amino acids
located in helix a2 of the TF-BD, which allows the forma-
tion of three potential hydrogen bonds: between the side
chains of Glu72 of TF-BD and Gln66 of L24, between
Gln65 of TF-BD and Thr63 of L24, and between the back-
bone oxygen of Asp68 of TF-BD and ND2 of Asn64 of L24
(Figure 3E). The sequence divergence within the respec-
tive regions of bacterial L24 and TF-BD suggests that the
interaction between these components varies depend-
ing on the organism. Curiously, many pathogenic organ-
isms, such asMycobacterium tuberculosis and Strepto-
myces species, have additional insertions within the
loop region of L24, which would allow more intimate in-
teractions with the TF-BD (see Figure S3A).
Even if more of the TF-BD was visualized in the heter-
ologous TF-ribosome complex (Ferbitz et al., 2004), it is
unlikely that interaction with L24 would have been ob-
served, since the extension in the H. marismortui homo-
log of L24 is shorter by ten amino acids (w17 A˚) when
compared to D. radiodurans L24 (Figure S3B). Since
bacterial TFs still bind well to archaeal ribosomes (Fer-
bitz et al., 2004), the interaction with L24 is probably
not necessary for ribosome binding, but this does not
rule out its importance for TF function. Indeed, we be-
lieve that the interaction with L24 acts as a guide to cor-
rectly position and orient the TF on the ribosome, and
thus may be more important for the interplay of TF
with other chaperones, such as signal recognition parti-
cle (SRP), that bind within this region (Halic et al., 2004).
An important consequence of the interaction between
the TF and the tip of L24 relates to the change in confor-
mation observed in the TF-BD upon binding to the ribo-some. As mentioned previously, one of the most striking
changes in conformation of the TF-BD is a shift in the po-
sition of helix a2, namely, by 40º, away from its position
in the unbound form. The shift in a2 opens up a channel,
which is highly hydrophobic, that is lined with two well-
conserved ‘‘triplet’’ sets of hydrophobic residues,
Phe14-Val16-Val18 in b1 and Phe102-Phe104-Val106 in
b4 (Figures 1C and 4C). Interestingly, this channel is di-
rectly in line with the ribosomal tunnel at one end and
runs into the body of the full-length TF at the other, sug-
gesting its function as an external conduit and device for
sensing the nascent chain (Figure 4B). Consistent with
this idea, the crevice is highly hydrophobic and therefore
suitable to interact with the suggested motif recognized
by the TF composed of eight consecutive residues in
which aromatic and basic amino acids are favored while
acidic residues are disfavored (Deuerling et al., 2003).
The Orientation of the Full-Length Trigger Factor
Can Accommodate Simultaneous Binding
of the Signal Recognition Particle
Having the location and orientation of the TF-BD bound
to the ribosome enables the position of the full-length TF
to be accurately modeled onto the ribosome. The crystal
structure of the full-length E. coli TF (Ferbitz et al., 2004)
was used for the alignment purposes, but the loop re-
gion was excluded due to its high variability in the known
TF structures (Figure S1A). The resulting model is similar
to that presented by Ban and coworkers (Ferbitz et al.,
2004), whereby the binding domain (tail), body, and
arms of the TF are positioned over the tunnel exit site
(Figures 4A and 4B). In the resulting model, the molecu-
lar cradle envisaged between the tail and the arms of the
TF is severely restricted by the encroachment of the
extension of L24 from one side of the cradle opening,
namely, between the binding domain and the arm1
(a7-a8) of the full-length TF (Figures 4A and 4B). The
end result is that a globular domain, or protein, as large
as the entire lysozyme protein—which was accommo-
dated within the cradle of the heterologous structure
(Ferbitz et al., 2004)—cannot be fitted within the space
formed between TF and a bacterial ribosome. Since
a number of species have even longer loop extensions
of L24 (Figure S3), we would expect that the space
would become even more restricted, such that any sub-
stantial folding of nascent proteins within the proposed
cradle is very unlikely.
We subsequently docked the signal recognition parti-
cle (SRP) structure onto our TF-ribosome model by us-
ing the position of the canine SRP bound to the wheat
germ ribosome as observed by cryo-EM (Halic et al.,
2004). In the resulting model, there is good compatibility
between the position of the NG domain of Ffh (Fifty-four
homolog, equivalent to eukaryotic SRP54; reviewed by
Doudna and Batey, 2004) and the TF. Ffh is located be-
hind the TF-BD with respect to the tunnel exit site, with
the NG domain oriented perpendicular to the TF, such
that the N domain contacts L29 on the L24 side of the
TF and the G domain extends toward the opposite
side (Figure 4D). Surprisingly, the M domain of Ffh,
which is known to recognize and bind the signal se-
quence within the nascent chain (reviewed by Doudna
and Batey, 2004) is positioned directly over the hydro-
phobic crevice revealed by the ribosome bound TF-BD
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scent peptide that was modeled into the M domain of
SRP54 (Ffh) (Halic et al., 2004) falls directly into the
hydrophobic cavity of TF, supporting the idea that this
hydrophobic crevice may act as a conduit for the na-
scent chain and present the signal sequence to SRP.
While there is some overlap between the TF-BD and
the M domain, this is predominantly restricted to the
flexible region of the M domain, which is known to rec-
ognize and bind the signal sequence within the nascent
chain (reviewed by Doudna and Batey, 2004). Taking
into account the accuracy of the cryo-EM model, the
overlap is surprisingly small, especially considering that
the cryo-EM reconstruction of the SRP was made with
a ribosome-nascent chain complex (Halic et al., 2004)
in which the M domain is presumably interacting with
the signal sequence-containing nascent chain. The rela-
tive location of the SRP to the TF in our model suggests
that the initial binding of the SRP may utilize predomi-
nantly the contact between the N(G) domain of Ffh
with L29. The flexible region of the M domain would
then monitor the nascent chain as it passes through
the hydrophobic crevice in the TF-BD and look for the
presence of a signal sequence (step B in Figure 5).
Figure 5. Model for Interplay between the TF, SRP, and the Na-
scent Chain during Translation
Schematic view of the bottom of the ribosome, showing ribosomal
proteins L23, (green), L24 (yellow), and L29 (orange), and with the
tunnel exit site indicated with an arrow. (A) TF is the first chaperone
to bind to the bacterial ribosome as the nascent chain emerges from
the tunnel. Direct contact between L24 and the TF results in confor-
mational changes in the TF-BD that expose a hydrophobic crevice
located in the TF-BD, through which the polypeptide chain can
pass. (B) The SRP particle binds to the ribosome in the presence
of the TF, initially through contacts with L29. The M domain of the
SRP covers the hydrophobic cavity in the TF-BD and monitors for
the presence of a signal sequence in the nascent chain. (C) Interac-
tion between the signal sequence-containing nascent chain and the
M domain of the SRP enables the M domain to establish contact with
H24 of the 23S rRNA. This interaction stabilizes the SRP particle on
the ribosome and could lead to dissociation of the TF. (D) In the ab-
sence of a signal sequence, the M domain cannot establish contact
with the 23S rRNA, and the SRP dissociates from the ribosome. Con-
tinued translation leads to elongation of the nascent chain, which is
channeled through the hydrophobic cavity into the central cavity
(body) of the TF. The restricted size of the cavity due to the presence
of L24 limits the possibility for folding of entire protein domains. The
PPIase domain (head) of the TF may recognize the nascent chain as
it emerges from the head side, monitoring for proline residues that
need to be isomerized (arrowed).When detected, interaction between the nascent chain
and the M domain would be stabilized via additional in-
teraction between the M domain and H24 of the 23S
(25S) rRNA as observed by cryo-EM (Halic et al., 2004).
In the absence of a signal sequence, the nascent chain
would continue through the crevice and enter into the
body of the TF and on toward the PPIase domain (step
D in Figure 5).
It should be noted that the TF might not be a rigid mol-
ecule, such that the head and body regions may be able
to move relative to the fixed TF-BD (tail) to enlarge or re-
strict the cavity within the body of the TF during chaper-
oning of the nascent chain. In this respect, the molecular
cradle may exist to some extent; however, it may be
shifted toward the head region and require flexibility
within the TF.
Overall, our model is consistent with the simultaneous
occupation of TF and SRP observed in recent biochem-
ical analysis (Buskiewicz et al., 2004; Raine et al., 2004).
Ehrenberg and coworkers find a slight increase in the
ribosome bound TF with increasing concentration of
SRP, but they find a slight decrease of ribosome bound
SRP with increasing TF concentration (Raine et al.,
2004). These data may suggest that Ffh and TF interact
on the ribosome, and that conformational changes
within either or both factors may be necessary for co-
habitation. From our model, we would predict that the
largest conformational change necessary for simulta-
neous occupation of both factors in the absence of a na-
scent chain would be within the mobile M domain of Ffh;
however, in the presence of a nascent chain, the stabili-
zation of the M domain may force a shift in the orienta-
tion of the TF.
Conclusions
Binding of the D. radiodurans TF-BD to the D. radiodur-
ans 50S subunit leads to conformational changes within
the flexible loop region of the TF. Specifically, the loop
adopts a more folded hook-like conformation, which is
stabilized by the flipping of the universally conserved
Phe43 (Phe44Ec) residue into the loop. The TF interacts
with the 23S rRNA and ribosomal proteins L23, L24, and
L29. We identify a circular set of contacts between the
universally conserved Arg44 (Arg45Ec) of TF, Glu13
(Glu18Ec) of L23, and A1405 (A1392Ec) of the 23S
rRNA that is likely to be conserved between all bacterial
TF-ribosome complexes. These contacts are sufficient
to explain the dramatically reduced ribosome binding
ability of the E. coli FRK/AAA TF mutant as well as the re-
duction of TF binding to ribosomes containing the E. coli
L23 mutation Glu18Ala (Kramer et al., 2002). The residual
binding present in these cases most likely arises from
the less conserved, but nevertheless significant, con-
tacts observed between the loop region of TF and 23S
rRNA, as well as the kink region of TF with L29.
Perhaps the largest difference between the heterolo-
gous bacterial E. coli TF-BD-Archaeal H. marismortui
50S subunit complex (Ferbitz et al., 2004) and the homol-
ogous complex presented here results from differences
in the ribosomal protein L24. In comparison to archaeal
L24, all bacterial L24 sequences have significantly lon-
ger loop extensions that, in the case of D. radiodurans,
approach and contact the helix a2 of the TF-BD. Impor-
tantly, this extension of L24 encroaches on the proposed
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full-length TF (Ferbitz et al., 2004) such that the folding of
complete proteins as large as lysozyme would not be
feasible in the reduced space of a bacterial TF-ribosome
complex.
Docking the position of SRP from the cryo-EM recon-
struction (Halic et al., 2004) onto the D. radiodurans TF
bound ribosome provides a model for the interplay be-
tween TF and SRP during translation (see Figure 5).
This model suggests that immediately after the emer-
gence from the ribosomal tunnel the newly synthesized
polypeptide chain enters the cleft opened on the trigger
factor binding domain upon its interaction with the ribo-
some (step A in Figure 5). In this position, surrounded on
one side by the M domain of the SRP and on the other
side by the hydrophobic cleft of the trigger factor, the
nascent chain can be monitored by both factors (Figures
4E and 4F and step B in Figure 5). Such a model is con-
sistent with previous biochemical data suggesting that,
instead of promoting protein folding, TF delays it, both
upon dilution from denaturant (Suno et al., 2004) as
well as during de novo protein synthesis, in vitro and
in vivo (Agashe et al., 2004).
Experimental Procedures
Preparation of the N-Terminal TF Binding Domain
The tig gene encoding the D. radiodurans TF was obtained from
D. radiodurans genomic DNA by using PCR primers (forward:
50-agcaatcgccatatggcagagctgatcagcaagg-30 and reverse: 50-tgtact
cccgggttcggactgctgctcgccttc-30), which introduce NdeI and XmaI
restriction sites (underlined). This fragment was first cloned in
pGEM-T (Promega), and then the coding sequence was subcloned
as a partial NdeI/XmaI fragment into pTYB2 (New England Biolabs).
A sequence encoding the binding domain residues 1–112 was am-
plified from genomic DNA by using the forward and an internal re-
verse primer (50-ctgctcttctgcagtaggtttcgcccttgacg-30), which intro-
duces a SapI site (underlined), and was cloned in pTYB1 (New
England Biolabs). Both expression clones were confirmed by se-
quencing, revealing in-frame fusion of the TF sequences to genes
for a self-cleaving intein and chitin binding domain. The full-length
TF and TF-BD protein were overexpressed in E. coli strain
BL21(DE3) RIL per manufacturer’s instructions (Novagen). The fu-
sion proteins were bound to chitin resin (New England Biolabs),
and the TF-BD was eluted by dithiothrietol-induced cleavage of
the intein. After gel-filtration chromatography (Superdex 200,
26/60, Pharmacia) in 10 mM Tris (pH 8), 100 mM KCl, 01 mM EDTA,
the samples appeared to be >90% pure, as judged by SDS-PAGE
(data not shown). Samples were snap frozen in the same buffer
and stored at 280ºC. Both full-length TF and TF-BD bind to
D. radiodurans 50S subunits and 70S ribosomes in vitro by using
ultracentrifugation (data not shown), as described previously for
the E. coli TF-BD (Hesterkamp et al., 1997).
Crystallography
D. radiodurans 50S subunit crystals were prepared as described
(Schlu¨nzen et al., 2001) and were soaked in a solution containing
5–10 mM TF-BD for 24 hr, prior to freezing. Preliminary tests were
performed at BW6 (HASYLAB/DESY). Data were collected at 100 K
from shock frozen crystals X06SA at the Swiss Light Source (SLS).
Data were recorded on Mar-CCD detectors and processed with
HKL2000 (Otwinowski and Minor, 1997) and the CCP4 package
(CCP4, 1994).
Modeling and Docking
The native structure of the 50S subunit was refined against the struc-
ture factor amplitudes of the 50S-TF-BD complex, by using rigid-
body refinement as implemented in CNS (Brunger et al., 1998). For
the calculation of Rfree, 5% of the data were omitted during refine-
ment. The position of TF was determined from sA weighted differ-ence maps followed by density modification and phase recombina-
tion as described in Diaconu et al. (2005). Further refinement was
carried out by using CNS (Brunger et al., 1998) (see Table S1 for re-
finement statistics). Ribosome-TF-BD interactions were originally
determined with LigPlot (Wallace et al., 1995). Placement of the
SRP-80S complex (PDB code 1RY1; Halic et al., 2004) was per-
formed by least square alignments of the 60S subunit of the EM re-
construction of wheat germ 80S ribosomes (Halic et al., 2004) onto
the D. radiodurans 50S structure (Harms et al., 2001).
Coordinates and Figures
3D figures were produced with Pymol (DeLano Scientific, San Car-
los, CA, USA; http://www.pymol.org) and GRASS (Nayal et al.,
1999) and were rendered with POVRAY.
Supplemental Data
Supplemental Data including comparisons of bound and unbound
TF, archaeal and bacterial L24, as well as additional details of TF
interaction with L23 are available at http://www.structure.org/cgi/
content/full/13/11/1685/DC1/.
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